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Abstract

Background: Adequate neuromuscular control of the knee could be one element to prevent secondary injuries after
an anterior cruciate ligament (ACL) injury. To assess neuromuscular control in terms of time, amplitude and activity,
electromyography (EMG) is used. However, it is unclear which assessments using EMG could be used for a safe return
to sports (RTS). Therefore, we aimed to summarize EMG-related assessments for neuromuscular control of the knee in
adult patients after an ACL injury to decide upon readiness for RTS.

Methods: This systematic review followed guidelines of Preferred Reporting of Items for Systematic Reviews and
Meta-Analyses (PRISMA) and Cochrane recommendations. MEDLINE/PubMed, EMBASE, CINAHL, Cochrane Library,
Physiotherapy Evidence Database (PEDro), SPORTDiscus and the Web of Science were searched from inception to
March 2019 and updated in November 2020. Studies identifying electromyographic assessments for neuromuscular
control during dynamic tasks in adult, physically active patients with an anterior cruciate ligament injury were eligible
and qualitatively synthesized. Two independent reviewers used a modified Downs and Black checklist to assess risk of
bias of included studies.

Results: From initially 1388 hits, 38 mainly cross-sectional, case-controlled studies were included for qualitative analy-
sis. Most studies provided EMG outcomes of thigh muscles during jumping, running or squatting. Outcomes meas-
ures described neuromuscular control of the knee in domains of time, amplitude or activity. Risk of bias was medium
to high due to an unclear description of participants and prior interventions, confounding factors and incompletely
reported results.

Conclusions: Despite a wide range of EMG outcome measures for neuromuscular control, none was used to decide
upon return to sports in these patients. Additional studies are needed to define readiness towards RTS by assess-

ing neuromuscular control in adult ACL patients with EMG. Further research should aim at finding reliable and valid,
EMG-related variables to be used as diagnostic tool for neuromuscular control. Moreover, future studies should aim
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sport-specific tasks.

assessment, Neuromuscular control, Return to sports, RTS

at more homogenous groups including adequately matched healthy subjects, evaluate gender separately and use

Registration The protocol for this systematic review was indexed beforehand in the International Prospective Register
of Systematic Reviews (PROSPERO) and registered as CRD42019122188.
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Background

Anterior cruciate ligament (ACL) injuries happen quite
frequently and concern athletes (0.15 injuries per 1000
athletic exposures (AEs)) but also the active part of the
general population [1, 2]. Most ACL injuries are due to a
non-contact, multiplane mechanism [3] and may lead to
instability, secondary meniscal injury or even knee oste-
oarthritis in the long run [4]. Consequently, this injury
means several months or even years of physical impair-
ment with wide consequences for the patients concern-
ing return to work, return to activity or return to sport
(RTS). RTS rates between 63 and 97% are reported for
patients after ACLR [5, 6]. Most elite athletes return to
sports return earlier than non-elite athletes [5], on aver-
age within 12 months [6]. However, it remains unclear
whether this approach is safe [6], omitting further injury,
respectively. Athletes after ACLR returning to high-
demanding sports (including jumping, pivoting and hard
cutting) show a more than fourfold increase in reinjury
rates over two years [7]. More than 5% of athletes with
an ACLR sustain a re-rupture of the graft [6, 8] in the
ipsilateral knee after RTS. The risk for an ACL tear in the
contralateral knee is as double as high (11.8%) even five
years or longer after an ACLR [8]. Overall, the recurrence
rates even after successful ACLR and subsequent reha-
bilitation are high (29.5% or 1.82/1000 AEs), with a tear
of the ACL graft (9.0%), an ACL injury of the opposite
leg (20.5%), muscle injuries on the ipsilateral side or even
bilateral consequences [9, 10].

It is known that ipsilateral deficits in clinical knee func-
tion and knee laxity persist even years after ACLR [11,
12]. ACL patients show altered kinematics and kinet-
ics [13] and different neuromuscular strategies during
walking [14], not only in the injured limb but also in the
non-affected side [13, 15]. These changes are referred
to neuromuscular adaptations due to altered sensori-
motor control [16] and are caused by altered afferent
inputs to the central nervous system due to the loss of
the mechanoreceptors of the native (original) ACL [17].
Current literature regarding in ACL patients emphasises
the importance of understanding consequences of ACL
injury regarding neuromuscular control and kinemat-
ics [18-20]. To describe neuromuscular control in terms
of simultaneously activated agonist/antagonist muscle

pairs, generalized knee muscle co-contraction param-
eters are used [21, 22].

In daily clinical practice, physical performance tests
batteries including jumps and tests of muscle function
[23] are often used to assess neuromuscular control for
RTS. However, there is only limited evidence that pass-
ing RTS test batteries—interpreted as having achieved
adequate levels of mobility, stability, strength, balance,
and neuromuscular control for RTS—reduces the risk for
a second ACL injury [24]. Moreover, it remains unclear
which measures should be used to bring athletes safely
back to RTS with a low risk of re-injury [25]. In conclu-
sion, the currently suggested RTS criteria do not seem
to be adequate to assess neuromuscular control of the
knee joint to judge upon a safe RTS or even competi-
tion. Therefore, meaningful, reliable, valid and accurate
diagnostic tools for patients with an ACL injury (either
treated surgically or conservatively) are needed and may
aid clinical decision-making towards a safe RTS following
ACLR. Objective measurements of neuromuscular con-
trol should include electromyography (EMG) of involved
muscles to judge upon quantity, quality and timing of
voluntary activation and reflex activity [13, 20, 26]. How-
ever, up to date it is unclear which EMG-related meas-
urements for neuromuscular control are used in patients
with an ACL injury to decide upon a safe RTS.

Objectives

The first objective of this systematic review was therefore
to summarize the scientific literature regarding EMG-
related assessments for neuromuscular control in adult,
physically active patients with an ACL injury (either
treated surgically or conservatively) during functional
tasks. The second aim was to analyze whether these
assessments for neuromuscular control were used to
decide upon readiness for RTS in these patients.

Methods

This systematic review was planned, conducted and ana-
lyzed according to the guidelines of Preferred Report-
ing of Items for Systematic Reviews and Meta-Analyses
(PRISMA) [27] and followed the recommendations of
Cochrane group [28].
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The protocol for this systematic review was indexed
beforehand in the International Prospective Register of
Systematic Reviews (PROSPERO) and got the registra-
tion number CRD42019122188.

Eligibility criteria
To define the relevant key words for the literature search,
the Participants-Intervention-Control-Outcome-Study
design (PICOS) scheme was used as follows (Table 1).
Studies were considered eligible for this systematic
review if they met the following inclusion criteria: Study
participants—either females, males or both—had to
be 18 years or older, suffer from an ACL injury—either
treated conservatively or surgically—with a time since
injury/surgery of six months at least, be athletes or physi-
cally active people who participate in sports activities
on a regular basis (as defined by each study, e.g. Tegner
Activity Score (TAS) > 3) to get data to decide upon RTS.
Moreover, included studies had to have used active or
functional tasks such as walking, stair climbing or jumps,
applied assessments for neuromuscular control of lower
limb muscles using EMG, be original articles published
in peer-reviewed, scientific journals in English, German,
French, Italian or Dutch, and available as full texts. Exclu-
sion criteria were model-driven approaches, animals or
cadavers, comparisons of surgical techniques, passive or
non-functional tasks (such as isokinetic measurements
for strength and isometric muscle activity), editorials,
conference abstracts, book chapters, theses, systematic
reviews and meta-analyses.

Data sources

The search was effectuated from inception until March
2019 and updated in November 27th, 2020 in the elec-
tronic  databases MEDLINE/PubMed, @ EMBASE,
CINAHL, Cochrane Library, Physiotherapy Evidence
Database (PEDro), SPORTDiscus and in the Web of Sci-
ence. To ensure new articles matching the search terms,
e-mail alerts were established from each of the databases

Table 1 Overview of PICOS criteria for key word definitions
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if possible [29]. Furthermore, a hand search was done
using the reference lists of included articles to identify
additional and potentially eligible articles that had been
missed in the electronic database searches. The hits from
these two additional sources were also screened for eli-
gibility applying the same criteria as for the articles from
the database search.

Search strategy

In all sources, the advanced search mode was used if
available. A search matrix combining relevant keywords
(if possible MeSH-terms) with the Boolean operators
AND and OR was used and customized for searches in
all databases if necessary (see Additional file “Search
string for MEDLINE/PubMed” 1): “anterior cruciate liga-
ment/anterior cranial cruciate ligament/ACL’; “anterior
cruciate ligament injuries/strains and sprains/rupture/
tear/injury/deficiency”; “anterior ligament reconstruc-
tion/anterior  cruciate ligament/surgery/reconstruc-
tive  surgical  procedures/orthopedic  procedure/
orthopedic procedure/tendon graft/tendon transfer/con-
servative  treatment/non-surgical/rehabilitation/physi-
cal therapy modalities/physiotherapy/kinesiotherapy/
exercise/instruction/resistance training/neuromuscular
training/postoperative care”; “neuromuscular control/
neuromuscular activity/sensorimotor control/muscle
activity/active stability”; “electromyography/EMG/elec-
tromyogram/amplitude/timing/mean activity/peak activ-
ity/duration of  activity/onset/offset/on—off-pattern/
pre-activity/latency/reflex response” In the updated
search, articles were filtered by date of publication, with
the aim of including only those published between March
2019 and November 2020.

Study selection

All hits obtained by the database searches were down-
loaded to the Rayyan reference management platform
[30] and inserted into EndNote (Clarivate Analytics,
Philadelphia, USA). Prior to screening, duplicates were

Parameter Criteria

Participants (P)

Intervention (I)
dynamic activities

Control (C)
Outcomes (O)

Adult people (age of 18-65 years) who sustained an ACL injury, either treated conservatively or surgically (repaired with an autograft)
Assessment of neuromuscular control, active knee stability, sensorimotor control, active stability of the lower limb or similar during

Uninjured limb/contralateral side or contralateral lower limb of the ACL-injured participant, or a healthy control group
Any EMG-related outcome describing neuromuscular activity/control in domains of time, amplitude etc.; parameters describing EMG

activity of lower limb muscles; related to EMG variables, such as amplitude, timing, mean or peak activity, duration of activity, onset
and offset/on-off-pattern respectively, pre-activity, latency, reflex response [14, 20]

Study design (5)

Any laboratory or interventional study, cross-sectional or longitudinal such as randomized controlled trials, clinically controlled trials

without randomization, laboratory/experimental controlled trials etc
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removed. Two authors (AB and IK) independently
screened title and abstract of the records, one by using
the software EndNote (Clarivate Analytics, Philadelphia,
USA) and the other with the help of the free software
“rayyan” [30]. After screening, full texts of relevant hits
were read by the two authors (IK, AB) to decide upon in-
or exclusion. If their decisions did not match, discussion
took place until consensus was achieved. If consensus
would not have been reached, a third author (IB or HB)
would have finally decided upon in- or exclusion of the
record in question; however, this was not necessary.

Data collection process and data extraction

After final decision of all studies, data extraction for each
eligible study was performed by the first author (AB) with
a predefined Microsoft® Excel (Microsoft Corporation,
Redmond WA, USA) spreadsheet as piloted form. The
first author (AB) extracted necessary information from
each article describing the study design, groups meas-
ured and their characteristics, the tasks to be fulfilled
by all participants, and all EMG-related assessments or
methods used to evaluate neuromuscular control. Fur-
thermore, the chosen assessment for neuromuscular
control were judged whether they were used to clear the
participants for RTS. The second author (IK) checked the
extracted data at random. As all included studies pro-
vided enough information to be qualitatively analyzed, it
was not necessary to contact corresponding authors for
obtaining or confirming data.

Assessment of risk of bias in included studies

The risk of bias of all the included articles was inde-
pendently assessed by two raters (AB, IK) by using the
Downs and Black checklist [31] in a modified form [29,
32]. The following categories were evaluated: (1) report-
ing bias: objectives/hypothesis, main outcomes, patients’
characteristics, interventions, principal confounders,
main findings, estimates of random variability, actual
probability values; (2) external validity bias: study sub-
jects/staff/places/facilities representative; (3) internal
validity bias: blinding subjects/assessors, data dredging
present, different lengths of follow-up/same time period
between intervention and outcome for cases and con-
trols, statistical tests/main outcome measures appropri-
ate; (4) selection bias: patients and controls from same
population and over same period of time, randomiza-
tion, allocation concealed, adjustments for confounding,
loss to follow-up; and (5) power analysis (see Additional
file “Methodological quality assessment” 2). Each ques-
tion of the categories was scored with 1 or 2 points if the
criterium was fulfilled (answer “yes”), zero points if the
answer was “no’, “not fulfilled” and an “X” if the criterium
was not applicable, e.g. randomization for a case—control
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or cross-sectional study, “IC” for intrasubject compari-
son, respectively.

For this systematic review, studies with a total score of
17 or above out of 25 (more than 2/3 of the maximum
total score) were considered as being of high methodo-
logical quality, showing a “low” risk of bias respectively
[29]. Studies which reached 13 to 16 points (more than
50% of the maximum total score) were rated as being of
“medium” quality, and total scores below 13 were rated
as being of low methodological quality, “high” risk of
bias respectively. As the aim of this systematic review
was to summarize the applied measures for neuromus-
cular control, the methodological quality of the included
studies was of secondary interest. Therefore, no study
was excluded due to a low total score in the risk of bias
assessment.

Results

Study selection

Hits from the first and the updated database search
including e-mail alerts and hand search were screened
for duplicates. After applying in- and exclusion criteria
according to PRISMA flowchart [27], a total of 38 articles
involving 1236 subjects—809 participants with ACLR or
ACL deficiency and 427 healthy controls—could be used
for qualitative analysis. Reasons for exclusion were par-
ticipants younger than 18 years, not able to achieve RTS,
time since injury or surgery less than six months, static or
non-functional task, study design (e.g. systematic review,
study protocol), unclear or inadequate outcome, healthy
participants or without ACL injury. Included studies had
mainly a cross-sectional, case-controlled study design.
Details about every step of the search are illustrated in
the following flowchart (Fig. 1).

Risk of bias assessment

Risk of bias of half (19 studies, 50.0%) of the included
studies was medium [13, 33-50], six (15.8%) showed high
methodological quality [51-56] and 13 studies (34.2%)
were of low quality [57-69] (Table 2). The main reasons
for a medium to low methodological quality were due to
an unclear description of participants and prior interven-
tions, confounding factors, and incompletely reported
results. Table 2 provides details about the risk of bias
assessment for each included study.

Characteristics of included studies

Study design

All included studies were case—control studies, except
two which where case series [56] or a single-case study
[69]. Two reported a retrospective or secondary data
analysis [52, 55] or provided a subgroup analysis from
a larger trial [45, 47-49, 65-67] (Table 2). Thirty-five
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Fig. 1 Flowchart of literature search according to guidelines of PRISMA [27]. PEDro = Physiotherapy evidence database; PRISMA = Preferred

studies compared the ACL participants with at least one
control group (other ACL treatment, e.g. surgical versus
conservative, or healthy controls), the remaining three
studies made a comparison between the injured and the
non-injured leg of the participants [42, 44] or compared
the pre-injury status with follow-up data from pre- and
post-surgery [69].

Participants

The number of included, adult participants with ACL
injury varied from N=1 [69] to a maximum of N=70
[62] with a wide range of described physical activity from
“normal” [58], “regular” [64], “active in at least one sport”
[61], TAS >3 [50], minimal 2 h/week [33, 34] to athletes
at level I sports including jumping, pivoting and hard
cutting [42, 57, 59], elite soccer players [35, 38, 67, 69]
or elite skiers [50]. Some authors restricted study par-
ticipation to either males [33, 34, 36, 39, 44-46, 50, 58,
60, 67] or females [50, 51, 64—66, 68, 69], others meas-
ured females and males [13, 35, 37, 40, 41, 47-49, 52,
54-57, 59, 61, 62]. Three studies did not provide any data
about the gender of their participants [42, 53, 63]. More

patient characteristics of included studies can be found
in Table 3.

Details regarding methodological aspects
included studies are presented in Table 4 below.

of all

Interventions

The number of muscles assessed ranged from one [37, 45,
61] to ten [59]. Mainly muscle activity of four muscles of
the thigh, vastus lateralis, vastus medialis, biceps femoris
and semitendinosus, had been assessed. However, there
were also studies measuring the adductor longus [39, 62],
gluteus medius [39, 65, 66], gluteus maximus [41, 52, 54—
56, 59, 65, 66], and calf muscles such as soleus, medial
and lateral gastrocnemius [47-49, 54—56, 59, 60, 63].

The tasks used were very diverse: there were activities
of daily life such as walking on even ground and downhill
[33, 47, 53, 57, 58, 62, 63, 68], and stair climbing [13, 49].
Other activities went more towards sports such as run-
ning [44, 45, 60, 67, 68] and jumping [36, 37, 39-42, 48,
50-52, 54-56, 59, 61, 65, 66, 68] where mainly the single-
leg hop for distance, drop jumps and countermovement
jumps were used. Some authors chose typical reha-
bilitation exercises such as forward lunges [34], Nordic
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